ABSTRACT VR Simulators are a powerful alternative to traditional educational techniques in many domains; and in particular, in surgery. Although they offer new possibilities for learning, training and assessment, they still found difficult to be accepted and integrated into hospitals.
INTRODUCTION AND MOTIVATION
Virtual Reality Simulators are a powerful alternative to traditional educational techniques in many domains. In particular, simulators are necessary when learning involves risks, high costs or both.
Virtual reality (VR) can facilitate learning by reducing the stress for the trainee, since consequences cease to be critical, and the training session is no more a single-opportunity operation. As the trainee progresses, if required, stressful stimuli can be gradually incorporated.
For those tasks that involve high risks, failure in virtual environment does not imply high risk. Apprentices can learn from their own mistakes. They start to recognize hazardous situations, learn how to recovery from errors, and how to remediate them in case they could not be avoided.
Virtual Reality allows the creation of learner-centred scenarios designed to optimize the learning process. In this way, the learning process can be adapted to the level and features of the learners, trying to stay within the Zone of Proximal Development [1] . Consequently, the VR system can adjust the difficulty according to the level of each apprentice so that learning continue to be both challenging and motivating, but always within the learner's grasp limits.
Virtual Reality can offer a non-degradable realistic environment, in which novices may learn and practice as much as they want. With VR simulators, learning can be asynchronous, adapting to the learners' needs and leaving time for reflection. It overcomes the limitations of needing to be in the real environment under the constant supervision of an expert.
In surgical education, many procedures are complex to perform. They have a long learning curve and require specialized training in order to obtain proficiency. Patient safety is at risk, so surgeons should be assessed to guarantee their competence.
Benefits of VR new solutions for healthcare are obvious, then, why simulators are not completely integrated as part of the surgical curriculum yet?
Creating VR simulators is a high complex task concerning aspects such as: task analysis, learning methods, hardware interface, realistic feedback, 3D modeling, user interaction, collision detection and response algorithms, physical simulation, simulation of the behavior of the model, efficiency, performance assessment, evaluation processes, or economical costs. The limitations of the technology, the lack of knowledge about the tasks and aims, and the conflict between the different aspects involved can make it really arduous.
In some cases, simulators evolve as research projects in the academic sector, and they never manage to get to the market. Sometimes failure is due to a too specific and rigid design that does not allow extensibility. In other cases simulators become commercial, but they do not succeed in proving their instructional power and transferability of skills to the real settings [2] . Therefore, hospital managers need argument to support and justify the investment.
Decision making during the design, development and evaluation of VR simulators is critical and can lead to failure if the awareness about the overall direction is not acquired. This paper provides a global approach, elucidating key points so that these decisions can take into account the whole big picture.
The next section highlights the importance of forming an interdisciplinary teamwork. Then, we describe in detail the steps of the proposed design methodology. Afterwards, an evaluation methodology of VR simulators is explained. As an example of applying this evaluation methodology, we present an evaluation study involving 19 orthopaedists using a VR arthroscopy simulator. Subsequently, we show the benefit of forming an intersectorial consortium to reach the objective successfully. In the conclusion, we present the impact of undertaking this global approach in designing VR medical simulator.
INTERDISCIPLINARY RESEARCH
As mentioned in the introduction, wide-ranging knowledge is involved in the creation of VR simulators. Each aspect belongs to its particular discipline, but choices made according to one discipline can affect the others. This is why interdisciplinary team is essential.
Multiple disciplines need to work together harmoniously towards the ultimate objective. This is more complicated that it seems. Not only people from different disciplines need to communicate into a way that makes possible to understand each other, but also, different disciplines need to learn from each other to cooperate. Competition for resources or recognition needs to be put apart so that interdisciplinary working will make possible to attain the ultimate objective. Disciplines working harmoniously will share the satisfaction of their mutual success and accomplishments.
The overall goal needs to be clearly established from the beginning. It can be to create a VR simulator for learning and training; for assessing surgeons; for preoperative rehearsal with patient-specific data; or creating a platform to test new procedures and techniques with no risk to the patient. All the different disciplines: surgery, educational psychology, and computer science and engineering need to embrace and understand the common goal.
For example, the involved disciplines in the case of a VR surgical simulator whose purpose is to be a complementary tool for learning and training will be: Surgery: Surgical techniques and skills must be thoroughly studied to understand how they are acquired so that learning and training deficiencies can be prevented, Educational psychology: Task analysis needs to be done during the design process to define the educational outcomes and a complete learning programme that facilitates learning towards competence. Then, they can follow the evaluation methodology explained in this paper to design experiments to validate the simulator. Feedback is essential to direct learning. The simulator will need to be able to provide feedback to the users about their performance. Surgeons, educationalists and engineers will have to collaborate to define this feedback and the assessment measures that the simulator will calculate. Computer Science and Engineering: Engineers know the advantages and limitations of technology, and they will put technology to serve the global objectives. Communication needs to be done so that the rest of disciplines will be able to understand the possibilities and resources of VR. All disciples will share their vision and suggest ideas. Having economical and efficiency costs into account, simplifications to achieve real time response will be carried out while assuring an adequate degree of realism depending on the aim and the role of each particular VR simulator. The design methodology proposed in this article can guide this process and help in the decision making.
As it can be seen, a harmonious collaboration between the different disciplines will be one of the key factors to success. If the final parts are going to work together, they must be developed by groups that share a common picture of what each part must accomplish. This article and the methodologies proposed intends to provide guidelines that will support this process and help in the decision making.
DESIGN METHODOLOGY
Designing a VR simulator is a complex task. This article intends to provide guidance to structure this process and to help the interdisciplinary team to create a global vision since the beginning of the project, so that better decisions can be made.
Description of the problem and the role of the VR simulator
The research team needs to define the role of the simulator to be designed. It could be a VR simulator for pre-operative planning of a particular intervention, or a simulator for assessing surgeons.
For example, if the task consists of designing a simulator that can be used as a complementary tool for training surgeons in a particular procedure, it is necessary to answer the following questions: What are the difficulties that surgeons face when learning this procedure? What are the current ways of training surgeons in this procedure? How they have been learning it so far? What are the advantages and disadvantages? What would be the relevance of improving training in this particular procedure?
Answering these questions will help defining the problem. Doctors and educationalist have to study the advantages and disadvantages of current methods for training that procedure, and the possibilities of building a VR simulator as a complementary training tool.
Applying didactic VR resources: aims, feedback and performance measurement
A good starting point to better defining the aims of the simulator is to think about the VR didactic resources. According to Lamata et al. [3] , these didactic resources can be categorised as:
Fidelity resources: Simulators create environments that approximate reality, and the different aspects of the fidelity employed in this reconstruction of the real world are the first category of didactic resources. This engineering or physical fidelity is the degree to which the training device or environment replicates the real task's physical characteristics. This contrasts with psychological or functional fidelity, or the degree to which the skill or skills in the real task are captured in the simulated task. Teaching resources: VR simulators also offer features unique to a computer-simulated environment that can enhance training. These include cues and instructions given to the user to guide a task, or features to manage a training program. Assessment resources: Assessment resources offer evaluation metrics to assess performance and follow up progress, and ways to deliver constructive feedback to the user. The interdisciplinary team should specify the objectives and the kind of didactic resources considered for the VR simulator.
The team have to discuss about the degree of realism required. Clinical people know what they want (often the more realistic, the better) but they often ignore the costs and the extent of the system's feasibility. Computer scientists and engineers will have to study if current technology is able to provide that level realism and, in that case, what would be the associated costs.
From the beginning the cost and the required realism must be taken into account because these issues will determine the cost-benefit interplay of designing and implementing a VR simulator. This estimation will help to a make the right decision about investing in the development of the VR simulator. The team of psychologists and educationalists will carry out the task analysis. This analysis consists of decomposing the task to into elements called subtasks. It is a strategy based on the curriculum of competences. Literature can be found about on how to perform task analysis in [4] . The most common options for doing task analysis are hierarchical decomposition and the technique of critical incidents (in which key events that can lead to success or failure are identified). They will define the teaching resources so that the VR simulator can offer an adequate level of guidance and help to facilitate learning.
It is important to avoid that apprentices acquire bad habits when using the simulator, for this, the learning programme should include a didactic sequence to guide the apprentice through the different stages, starting with how to handle surgical instruments in an ergonomic way, explaining their functioning and start performing easy tasks that will become more difficult as the apprentice progresses.
Based on educational theories [5] they will design the exercises and decide on the kind of feedback about the performance that the apprentice will receive and when this feedback will be provided. Depending on the purpose and the moment in which this feedback is provided, we can classify feedback as follows:
Formative feedback occurs during the process of a course or a training programme. It is a process that intends to enhance student's learning and to promote student's accomplishment. Normally it is designed to provide the learner with information on their progress but it does not contribute to the final assessment. This feedback is useful to the learner to advise them about their progress compared with competency standards, to recognise mastered areas or tasks that the student does not know or is unable to do. It helps the student to make a self-evaluation, to provoke questions, to guide the learning process and to identify strengths and weaknesses. Summative feedback, on the contrary, is usually done at the end of a course or of some larger educational programme to determine success. It is a formal test to determine what has been learned. It summarises the development of learners at a particular time, providing a snapshot of a student's level in relation to the end-of-year expected level. Summative assessment is designed to determine grades or marks according to the intended learning outcomes. The outcome of this summative assessment can be an award of qualification, a demonstration of the level of competence, a barrier to progression or it can be used to generate a relative measure of attainment, by establishing ranking, or awarding merits or distinctions. Quantitative objective data for measuring dexterity and performance is essential both for learning and for assessing purposes. The simulator could count with assessing resources and register metrics such as time for completing the task, number of errors, economy of movement, smoothness in handling anatomical tissue, knowledge of the procedure, movement of the surgical instruments, anatomical knowledge or ambidexterity. We also discuss the importance of these assessing measures in the section about evaluation of VR simulators.
3D models
Decisions will be made about the 3D models that will be used for the VR simulation. They could be synthesised generic models; models with specific pathologies; or even patientspecific models, obtained from medical image data of real patients. Again, the degree of realism will need to be chosen according to the purpose of the simulator. For example, for a simulator of basic surgical skills a generic model could be the best option, whereas for a pre-operative planning VR simulator, we will probably need patient-specific 3D models. The surgical instruments and their functionality will also need to be modelled.
Since volumetric representations require more resources, unless it is strictly necessary, most VR simulators will use superficial representations of 3D models.
Interface
According to Burdea, Virtual reality is: "a high-end usercomputer interface that involves real-time simulation and interactions through multiple sensorial channels. These sensorial modalities are visual, auditory, tactile, smell, and taste" [6] .
During the design, in order to decide about the interaction between the user and the VR simulator and what kind of sensorial feedback provide, the team can answer to the following questions: Which virtual objects can be manipulated and how? How the surgical instruments will be simulated? How many degrees of freedom do they have? If the position of the user needs to be known, which tracking device could be more appropriate?
Before defining the required hardware devices, first we need to know what feedback will be given to the user. Most frequently, the VR simulator provides visual feedback (for example, in a 2D monitor or in a 3D stereo display), haptic feedback to provide touch and/or force feedback, and audible stimuli (with stereo sound or 3D sound).
Depending on the particularities of the task, hardware modifications or new designs may be necessary. Again, decisions can be made to increase realism or to simplify the feedback provided. Designers will pay special attention to ergonomics.
Interactions: collision detection, collision response, behaviour and deformation of virtual objects
Virtual scenes will contain a number of 3D objects. We need to simulate the interactions between those virtual objects.
During the simulation, the objects will move and contacts will be produced. We will use collision detection algorithms to detect those contacts. There are different collision detection algorithms: some of them are based in hierarchical structures of bounding volumes, others use techniques based on distance fields, stochastic models or spatial partition methods. Some good surveys about collision detection can be found in [7, 8] .
On the other hand, we have to simulate the behavior of the virtual objects, which will respond to the collisions and forces applied on them. These methods could be classified in meshless methods and mesh-based methods. For a detailed description, refer to [9] .
In ordr to select the algorithms to be used, the following questions should be answered: What could be the colliding objects? What will happen when they collide? Are the objects rigid or deformable? Is it possible for an object to collide with itself (self-collisions)? Do we need to exploit temporal coherence? How do the objects behave? Are there big deformations? Do we need to cut or to topologically change the virtual models? What is the degree of realism and accuracy required?
Here again, we will have to look for simplifications to find a balance between accuracy and speed. We could have hybrid scenarios and use different techniques for the different type of objects (rigid and deformable). In some cases, we may not need physically realistic behaviour, and a plausible reaction will be enough. In other cases, accuracy might be necessary.
Software architecture
Regarding the software architecture of a VR simulator, it could be implemented as suggested in [10] using three threads:
A thread in charge of the graphical output. It should run at rates between 25Hz and 60Hz and it will have low priority. A thread in charge of reading the position of the tracking systems or haptic devices (if applicable), calculating the collision detection, and the deformations of the 3D virtual objects (if any). This thread could run at rates between 80Hz and 150Hz. A thread that computes the output forces that the haptic devices will give to the user. Usually, haptic devices need to be refreshed at 1000Hz, so this thread needs to be optimized and have the highest priority assigned. As in every software development, designers should take care of efficiency, modularity, reusability, robustness, reliability, maintenance, extensibility, scalability and usability.
If the design solutions are based on the deep knowledge about the real needs of the tasks and procedures, the probability of failure will decrease. Once the VR simulator is designed, implemented and tested from the technological point of view, it will still need to be evaluated to prove its benefits as an educational tool, as it is detailed in the next section. It is important to note that it is useful to detail the evaluation process at the design stage, since it will influence some of the decisions. Particularky, the design decisions affecting the assessment of the available resources or user performance metrics.
METHODOLOGY FOR THE EVALUATION OF VR SIMULATORS
A complete review of evaluation studies on surgical simulation is presented by Sutherland et al. [11] . They point out that most studies in surgical simulation have been of poor experimental design.
As a basis for the evaluation of VR surgical simulators, we propose the following methodology. More detail and a practical application can be found in [12] .
In order to evaluate a VR simulator we need to know its purpose. Most frequently, simulators are intended for training, assessment or both:
For evaluation of their training potential, we would like to test the instructional effectiveness of surgical simulation [13] that is to say that repeated use improves performance. The final aim is to test if the skills acquired and trained with the simulator are transferable to the operating room.
On the other hand, before the simulator can be used for assessment purposes, it needs to prove that it is both reliable, showing different assessments on the same individual are similar under different circumstances, and valid, i.e. seeing if the assessment measures what is intended to measure [14] . The first stage is the definition of the evaluation objectives and the formulation of hypothesis. The objectives should be relevant, concrete, consistent, assessable, and feasible.
We can start by posing questions that we would like to be answered. By instance, we could ask "Will the simulator be useful to learn how to handle a particular surgical instrument?" or "Will the simulator be able to measure the correctness of an apprentice performing a procedure?" The first question is about using the simulator for learning, while the second one will be focused on the assessment of the correctness of a particular task. Posing these questions will help us to better define our desired evaluation outcomes. To transform these questions into objectives, we can try to relate or classify these questions according to the different types of validities.
Next, a classification of the different types of validities, with their definitions gathered and synthesised from different sources [15] [16] [17] [18] [19] is shown.
Face validity is the extent to which the examination resembles real life situations. In the virtual simulation domain, it could suggest how the simulator reflects the real operation. Face validity can be understood as the degree to which a measure appears to be valid to the observed subject. It is important because it can influence the degree of cooperation of the person being observed. This type of validity is subjective. Content validity is the degree to which elements of an assessment instrument are relevant, adequate and representative of the target for a particular assessment purpose. It is the extent to which the domain that is being measured is measured by the tool. Experts examine in detail the contents to establish if they are appropriate and specific to a particular situation. As Moorthy exemplifies, it could happen, for example, that while trying to measure technical skills, we may actually be testing knowledge [15] . Determining content validity is subjective and it is based on the experts' judgments. Construct validity tries to ensure the existence of a psychological construct which underlies and gives meaning and significance to the test scores. One inference for evaluating the construct validity of a surgical simulator would be to study whether the surgical skills improve with practice in the simulator. Another inference is the extent to which a test discriminates between various levels of that construct. A usual way of evaluating construct validity is to study the ability of an assessment tool to differentiate between experts and novices performing a task. For example, if our construct is anatomy skills, the test should be able to discriminate between anatomy experts and novices. Criterion related validity is the degree to which the assessment tool predicts other objective measures of performance. To determine criterion validity, we need at least two different measure situations: one is the predictor (X) and the other is the criterion (Y If the scores that apprentices get in a VR surgical simulator are a good predictor of the level of performance that these apprentices will have in the real setting, that is, in operating room, the simulator will have proven predictive validity. Once a simulator is able to achieve predictive validity, we could consider the possibility of using it as an assessment tool. We can classify the initial evaluation questions according to the different types of validities. This will help in defining the evaluation objectives and assigning them a priority depending on their feasibility and relevance. With the definition of the objectives and hypothesis, the researcher can start designing the evaluation study, which will consider the ethical and legal regulations in force.
When preparing an ethics application, the ethical aspects (based on the basic principles of respect, beneficence and justice) covered in the Declaration of Helsinki, and the Belmont Report have to be taken into account:
The design of the experiment will include the informed consent, and specify the data to be collected and how to deal with the correspondent data protection issues. The study should assure fairness in the selection, distribution and monitoring of subjects. If the experiment requires the handling of hazardous substances, safe facilities and trained personnel should be ensured. The relevant risks, benefits and uncertainties related to the experiment must be clearly exposed so that the Ethical Committee can study if the Risk-Benefit Ratio is favourable.
A thorough classification of different studies according to different criteria can be found in [12] . Here, we summarize them in Table 1 .
Depending on its purpose: descriptive or analytical studies Depending on the temporal direction: transverse or longitudinal studies Depending on the start time of the study: prospective or retrospective studies Depending on the allocation factor study, they can be divided into:
o Observational studies: cohort or case-control. o Experimental studies: the definition of the presence or absence of a control group and the method of allocating subjects to groups will lead to studies without control group, randomized controlled clinical trials, or not randomized controlled clinical trials.
Table 1. Types of evaluation studies
If the study is experimental, the researcher needs to specify the explicative variables, which can be divided into dependent and independent:
The independent variable/s is/are the one/s whose value is intentionally manipulated or changed by the researcher because s/he expects it to influence into the dependant variables. The dependent variables receive the effect of the independent variables. For example, we could want to study the effect of training with a VR simulator into the suture skills of surgeons. For that, we could divide subjects into two groups. The independent variable in this case would be "having done training with the VR simulator". One of the groups will do training and the other will not. The dependant variables could be measures about the suture skills, such as time for completing the task, manual precision, correctness in the procedure or the final result of the stitches. We want to analyse, if there is a relation between the independent and the dependent variables.
Within the design of the study, the researcher should also try to minimize the effect of the extraneous variables. Extraneous variables are those variables that are not controlled by the researcher and that can influence the dependent variables. Extraneous variables can affect the results introducing a bias.
Sometimes, a habituation study to habituate the subjects to the use of the tool may be required before the final evaluation procedure.
The next step will be to clearly describe all the steps of the intervention protocol, so that every subject will receive the same information and go through the same steps. This will include specifying for example, how many training sessions will be, of what length, the resting intervals between sessions, and what each session will consist of.
Analogously the observation protocol for the experiment needs to be designed. If we defined dependant variables, we need to describe how they will be measured. For example, we may want to observe the subject's performance. For that, we can gather some objective data based on variables provided by the VR simulator such as time, and some subjective data by making an observer give a score to the subject.
Researchers will decide which statistical analysis they will apply to the data and if the subject identity will remain anonymous.
If possible, the study must be blind, so that both the observers and the researchers that will analyze the data ignore to which group each subject belongs to. This will prevent them from introducing a bias. Sometimes we can also make subjects ignore to which group they belong to. For example, the experiment could be to study two particular haptic responses (independent variable) to see which one allows a better handling of the surgical instruments (dependent variable). We could assign subjects to different groups, each group with a particular haptic response, and subject could ignore even fail to notice that the existence of different groups.
A feasibility study will be done taking into account the available resources, infrastructures, the time to get the ethical approval and the costs involved.
It is advisable to conduct a pilot study before conducting large experiments. The pilot study will involve fewer resources and will have a smaller sample size. It can be very useful to identify potential problems regarding both the intervention and the observation protocols.
The information and data obtained in the pilot study will lead to corrections or modifications in the design and the protocols, and will be used as an orientation of what might be found in the final study. The pilot study, if appropriate, will allow the adjustment of the final study.
Then, the final large study will be conducted. Data will be recorded and analyzed, and conclusions will be drawn.
EVALUATION STUDY
As an example of how the presented evaluation methodology can help in the evaluation of a VR simulator, we designed and carried out an evaluation study.
The present study is the first step in the evaluation of a virtual reality commercial simulator for training arthroscopic skills [20] .
The arthroscopic simulator consists of a platform composed by two devices that provide force feedback and that simulate the arthroscope (an optical instrument inserted through a small incision that allows doctors to view the interior of a joint) and the instrumental. A monitor shows the arthroscopic view consequently with the simulated arthroscope's movements.
According to the methodology, the first step is to raise the questions we want to answer and to relate them with the correspondent type of validities in order to define our hypothesis and objectives.
The questions we want to answer are: Will surgeons consider the simulator as a useful learning method for acquiring arthroscopic skills? Will it be considered equally useful for all arthroscopists or will it be considered more useful for novice surgeons? Will surgeons favourably value its quality and degree of realism? Will they validate the exercises included in the simulator? What aspects will surgeons consider important when assessing a trainee?
If we examine our questions, we see that they want to evaluate the subjective opinion of orthopaedic surgeons. The raised questions will be related to face and content validity. Therefore, the evaluation study will focus on face and content validities researching on the surgeons' opinions.
With this aim we posed two hypotheses: Surgeons will consider the haptic simulator as a useful learning method for acquiring arthroscopic skills Arthroscopists will favourably value the simulator as well as its quality, its realism and the exercises that are included This evaluation study has a descriptive purpose (so the guidelines specific to experimental studies do not apply to this case).
The intervention protocol was as follows: All subjects received an explanation of the purpose and characteristics of the study and signed the informed consent. We assigned a number to each subject to keep their identity anonymous. We showed the virtual reality arthroscopy simulator and we explained its operation, functionality, instructions for use, and the exercises contained. Participants used the simulator doing exercises in which they had to handle the simulated surgical instruments. They had to perform a diagnostic arthroscopy, feeling the haptic feedback when palpating different anatomical targets. After using the simulator, we asked the arthroscopists to answer an anonymous questionnaire with questions about face and content validities. The observation protocol in this study was just to help with doubts, to supervise how the subjects experienced the virtual reality simulation, and to gather the questionnaires with the variables we wanted to analyze.
Considering face validity, we asked the surgeons about the utility of the simulator for surgeons with and without previous experience. We inquired to what extent the surgeons think that the simulator will be useful for learning skills. They valued as well the quality, organization of the platform, realism and the variety of the exercises. The surgeons gave a global mark to the virtual reality simulator. We asked them if they would recommend the arthroscopy simulator to other colleagues and how long would they practice in case the simulator was at their disposal all the time.
Regarding content validity, we asked about the exercises included. In order to gather information for future evaluation experiments that will test other types of validities; we asked which measures the surgeons considered important when evaluating arthroscopic skills. We asked them to value different metrics and their importance, and to suggest new measures that they would consider relevant.
We carried out our experiment during a National Conference on Orthopaedic Surgery and Traumatology, in which 19 specialists participated.
The characteristics of the subjects are shown in Table 2 . It is remarkable the high proportion of ambidextrous people. A future study could be carried out to determine if there is a correlation between ambidextrous subjects and their experience in arthroscopy. In order to test face validity, the surgeons answered about the utility of the simulator as a tool for learning skills. Surgeons considered that the simulator was useful for learning arthroscopic skills. A mean qualification of 8.67 out of 10 with a 95% confidence interval (7.81 ; 9.52) was obtained. In fact, 73.8% of the surgeons gave a mark equal or higher than 7. From the results regarding the utility for learning skills, we can affirm that the simulator showed face validity.
We compared the simulator utility for non-expert and expert surgeons, obtaining a mean difference of 2.53, with a 95% confidence interval (1.32 ; 3.75). This difference is statistically significant (P-value < 0.001), which means that, in general, the simulator is considered more useful for inexperienced than for expert surgeons (see Table 3 ). Table 3 . Utility of the simulator (measures out of 10, 10 being the highest mark). The simulator is considered more useful for beginner surgeons (P-value < 0.001).
Surgeons replied about how much time they would practise with the simulator if it were at their disposal full time. While only one subject marked less than one hour per week, the 26.3% of the surgeons said they would train more than five hours per week.
Regarding if the participants would recommend the simulator, there were 5 subjects that did not answer the question. The rest of the surgeons (73.7%) affirmed that they would recommend the simulator to their colleagues. Once again, these results support the face validity of the simulator.
Surgeons were asked to measure the quality and organization of the platform. They could answer: poor, mediocre, normal, good, or excellent. The lowest mark was good (57.9% of the surgeons), while 21.1% answered excellent.
Regarding content validity, we asked about the quantity, variety and quality of the exercises included in the simulator. The results are favourable for content validity: 21.1% answered normal, while 47.4% choose good and 10.5% excellent. Nobody marked poor or mediocre.
Concerning the time for training with the simulator, 42.1% considered it appropriate whereas 36.9% thought that it was short or insufficient.
The simulator obtained a very good global mark. It was valued 8.47 out of 10, with a standard deviation of 0.83 and a closed 95% confidence interval (8.00 ; 8.93). No surgeon qualified the simulator lower than 7 out of 10.
As mentioned, this study also wanted to elucidate which aspects are important when evaluating a surgeon in formation. The results about metrics to measure competence will be used for subsequent studies.
We observed how the surgeons value different aspects for arthroscopic skills learning. Features were marked according to their relevancy. Results are gathered on Mean comparison was made between the different pairs of skills. There was 1,69 of statistically significant mean difference (P-value = 0.004) between Anatomical knowledge and Steady hand. Also 1.23 statistically significant mean difference (Pvalue = 0.04) between Anatomical knowledge and Surgical dexterity. There was 1.46 of statistically significant mean difference (P-value = 0.006) between Hand-eye coordination and Steady hand. Also 1.00 statistically significant mean difference (P-value = 0.009) between Hand-eye coordination and Surgical dexterity. There was 0.69 of statistically significant mean difference (P-value = 0.044) between Manual precision and Steady hand.
From the obtained results we conclude that the two most important skills from the surgeons' point of view are anatomical knowledge and hand-eye coordination.
Discussion of the results of the evaluation study
The evaluation methodology proposed includes the design of analytical experimental longitudinal prospective studies. Following this methodology, the first steps are to be able to establish face and content validities, which has been the purpose of the descriptive study.
Regarding the first hypothesis "Surgeons will consider the haptic simulator as a useful learning method for acquiring arthroscopic skills", the mean value was 8.67 out of 10 (7.81 ; 9.52). Then, we can conclude that the collected data supports the first hypothesis.
Concerning the second hypothesis: "Arthroscopists will favourably value the simulator as well as its quality, its realism and the exercises that are included", nobody marked poor or mediocre; most of the subjects (57.9%) qualified them as good or excellent. The simulator's global mark was 8.47 out of 10 (8.00 ; 8.93). These results support our second hypothesis.
Future research will take profit of these results in order to design new evaluation studies. Construct, concurrent and predictive validities should also be demonstrated before considering the simulator as a fully tested validated tool capable of evaluating the surgeons' proficiency level.
INTERSECTORIAL CONSORTIUM
So far we have highlighted the necessity of building an interdisciplinary team, following a design methodology, and designing evaluation studies in a structured way to test all the types of validities so that it can prove validity, reliability and transfer of skills to the real settings.
However, there is still a key aspect that will highly influence the success and lifetime of a VR simulator. We recommend building an intersectorial consortium with agents from the academic, healthcare and industrial sectors.
The presence of industrial partners is essential for ensuring consolidation; additional funding; the long-term sustainability of research lines, and for guaranteeing that simulators once validated can be widely available in clinics and hospitals.
CONCLUSIONS
This paper offers a global approach to the process of designing, implementing and evaluating a VR simulator. It highlights essential aspects to increase the successfulness of creating a VR simulator. Forming an interdisciplinary teamwork is essential. During the design and evaluation processes, disciplines have to communicate and collaborate harmoniously.
The article presents two methodologies to provide structured guidelines and facilitate understanding the issues specific to each discipline, so that the whole team contribute to the ultimate objective. The design methodology is presented taking into account the participation of the different disciplines, which will facilitate the communication and the specification of the different roles. The evaluation methodology offers a framework to design evaluation studies so that a VR simulator can prove its validity, reliability and transfer of skills to the real settings.
Since surgical simulation is a niche area clearly identified, the aim is to develop complete surgical simulators that are integrated into the surgeons' educational curriculum; thus we consider essential to close the intersectorial triangle: AcademyMedical practitioner -Industry, fostering interaction between the sectors for a common success.
FUTURE WORK
Further qualitative and quantitative research still needs to be carried out on the design and implementation and performance measures to make VR simulators considered as a reliable and beneficial tool for training and assessment of surgical skills.
With regards to the evaluation methodology, we are conducting further experimental designs to assess the construct, concurrent and predictive validity of the mentioned VR arthroscopy surgical simulator.
